ABSTRACT The design of a high-gain and low-profile H -plane horn antenna embedded into a large metallic platform is proposed. The antenna is composed of three parts: coaxial-to-ridged transition, wideband H -plane antenna, and dielectric lens. The coaxial-to-ridged transition makes an efficient conversion from TEM modes in a coaxial probe to the fundamental TE 10 mode in a ridged horn, and by choosing the ratio between horn aperture and length and suppressing the TE higher mode, the optimal design of the H -plane horn antenna can be obtained. Then, a tapered dielectric lens is located in the end-fire direction, which converts the TE wave into the leaky-wave mode, enhancing the peak gain. A prototype of the proposed antenna is finally fabricated and tested. The measured results are in good agreement with the simulated ones, which show that the proposed antenna has a very wide bandwidth from 2.5 to 20 GHz for the voltage standing wave ratio (VSWR) < 2.5 and exhibits a low thickness of only 8 mm (0.066λ L , λ L is the free-space wavelength at the lowest operating frequency). Good radiation pattern and high gain can be achieved over a wide frequency band.
I. INTRODUCTION
End-fire antenna is a class of antenna where the maximum radiation beam is directed along the axis of the antenna structure. It has been widely investigated due to its highly directional pattern [1] - [3] . In recent years, the wideband and low profile flush-mounted end-fire antennas received growing attentions on metal carrier platform such as aircraft, missile, and unmanned aerial vehicle. For such applications, the horizontally polarized end-fire antenna is difficult to be mounted on the surface of metal carrier platform [4] , whereas the vertically polarized end-fire antenna has shown its feasible low-profile conformal design in any curved surfaces.
Up to now, only a few antennas are promising to design low profile and vertically polarized end-fire pattern for such requirements, such as monopole Yagi antenna [5] , many
The associate editor coordinating the review of this manuscript and approving it for publication was Jaime Laviada. rows of coupled resonators and directors [6] , dielectric surface wave antenna [7] , [8] , log-periodic monopole array (LPMA) [9] - [11] , and H-plane ridged horn antenna [12] - [14] . In [7] , a wideband flush-mounted surface wave antenna is presented by using ceramic material slab with a high dielectric constant of 25. However, the performance of the antenna is strongly dependent on inhomogeneous distribution of the slab thickness, once a little discrepancy of the thickness significantly affects the radiation patterns and impedance matching, which makes the fabrication process difficult and costly. Furthermore, the bandwidth of the surface wave antenna is usually less than 3:1 because TM higher-order modes begin to propagate and radiate at higher frequencies [15] which deteriorates the antenna's radiation pattern and limits its single-mode operational bandwidth. Fortunately, a technique of suppressing the TM higher-order is presented in [8] . The antenna shows a very wide bandwidth from 3.78 GHz to 18.54 GHz and exhibits a low profile of only 5 mm. Monopole log-periodic antenna [9] has been designed on a large metallic plane, where each element of the antenna is loaded at the top end by using different sizes of patch to greatly reduce the profile of the antenna. Its wider bandwidth version based on three types of monopole configurations: conventional monopole, top-hat monopole, and folded top-hat monopole, is reported in [10] . The antenna obtains extremely wideband from 2 to 18 GHz, and a very low profile of only 8 mm. But the antenna has complex structure, and the conventional monopoles operating in the high frequency is very difficult to install in the feeding network vertically and a little discrepancy significantly also affects the radiation patterns and impedance matching. A logperiodic monopole array with uniform spacing and profile is proposed in [11] , but the maximum bandwidth of only 3:1 can be realized. H-plane horn antenna is another excellent candidate to meet the requirements of low-profile, vertical polarization and wideband end-fire radiation, and is initially showed in [12] . Its conformal design and spectrum monitoring applications on moving platforms are shown in [13] , [14] , respectively. The antenna utilizes three-stepped ridge transition from coaxial feed probe to the SIW horn aperture, achieving a wide bandwidth from 6.6 to 18 GHz and a profile of 3.175 mm, but an even wider bandwidth of the antenna is not reported. Among above mentioned endfire antennas, very few end-fire antennas are considered to be platform-embedded into on a carrier platform, which usually cause aerodynamic drags. To successfully design platformembedded end-fire antenna, an end-fire slot antenna array with platform-embedded characteristic is proposed in [16] . The design has a narrow bandwidth and large profile size of 20 mm, although the high end-fire gain can be obtained, about 11 dBi.
In this paper, a platform-embedded H-plane horn antenna with ultra-wideband and high gain is designed, which takes advantage of the low-profile, wideband, end-fire nature of the antenna proposed in [12] . The proposed antenna is composed of three parts: coaxial-to-ridged transition, H-plane horn and dielectric lens. In order to decrease the cutoff frequency of the dominant mode TE 10 and keep wide single-mode operating bandwidth, the width in the H plane and the profile size in the E-plane of coaxial-to-ridged transition need to be extended. A trapezoid cavity is used to suppress the TE 30 and TE 50 higher mode, and a metal pad is made to suppress TE 11 mode. The elliptic tapered patch and the shorting post further are used to achieving smooth transition from the horn aperture to free space over a wide frequency range. Successively, a tapered dielectric lens is proposed to smoothly transit the TE wave from the H-plane horn to leaky wave mode, thus the high gain can be obtained. Using this topology, a high gain, platform-embedded UWB H-plane horn antenna with a low profile size of 0.066λ L is designed and fabricated. The measured results of a fabricated prototype are presented and discussed, which is in good agreement with the simulated results, and validates the effectiveness of the proposed techniques. 
II. ANTENNA DESCRIPTION
The geometry of the overall antenna prototype is shown in Fig.1 , which consists of three parts: the coaxial-to-ridged transition, H-plane horn, and dielectric lens. The coaxial-toridged transition is similar with the probe-feeding rectangular waveguide [17] . In order to decrease the cutoff frequency of dominate mode a linear tapered ridge is embedded into the transition to effectively improve the impedance matching instead of the three stepped ridge structure [12] . Then, the cutoff frequency of the TE 10 dominate mode prorating in H-plane horn can be estimated by the parameters: length
, width (x 1 ) of the ridge, and waveguide width W 1 and height h. In our design, the width and height of the waveguide are selected as 40 mm and 8 mm, respectively. The cutoff frequency of the TE 10 mode is about 2.5 GHz. The relationship between the length (d 1 + d 2 + d 3 -w0) and the aperture width (W 2 ) of the H-plane horn can be fixed to realize an optimal gain [20] . In the reflecting cavity, the trapezoid structure and the metal pad are used to suppress the TE 30 , TE 50 , and TE 11 higher-order modes in the effective bandwidth from 2.5 GHz to 18 GHz. An ellipse-extended taper with a long axis a and short axis b is employed along the H-plane horn to enhance the end-fire radiation and improve the impedance matching, whereas the height h keeps invariable in E-plane. Moreover, the center of the elliptical taper is away from the horn aperture by a distance d 6 . A pair of posts is inserted into the dielectric slab, and one end of that is connected to the elliptical taper and the other end is shorted to the bottom plane, shown in Fig.1 . It may help to further improve the impedance matching at certain frequency.
The overall width of the antenna is W , and the W is larger than 2b for reducing the effect of edge metal platform.
To enhance the peak gain of the H-plane antenna, a grounded dielectric slab with a linearly tapered profile is formed by elongating the supporting substrate beyond the aperture of the H-plane horn antenna, rather than incorporating a separate lens antenna. This elongated and linearly tapered substrate portion acts as a dielectric lens and produces a more directed radiation pattern. Thus, the electrical path length is increased by the lens medium, and the wave passing through it is retarded. The delay causes the radiated wave to be collimated, which in turn results in a more directed radiation pattern and hence in an increase in the antenna gain. The extended portion of the substrate being an integral part of the antenna not only makes this structure simple and low cost, but it is also very easy to fabricate.
III. ANTENNA DESIGN AND CONSIDERATONS
The target of the paper is to achieve a wider impedance bandwidth and higher peak gain of the H-plane end-fire antenna comparing to Ref. [12] , while retains a very lowprofile and platform-embedded structure. The simulations and optimizations of the antenna will be obtained on a large metal platform by using ANSYS HFSS.
A. COAXIAL-TO-RIDGED HORN
It is well-known that the cutoff frequency of each TE mode in the ridge waveguide can be expressed as [17] 
where h is the waveguide thickness and ε r is the dielectric constant in the waveguide. That is say, the width W 1 is required to meet the cutoff condition of the TE 10 dominate mode, which is given by
where λ is the free-space wavelength referring to the cutoff frequency. In this design, W 1 is selected initially as 40 mm, the cutoff frequency of the TE 10 mode is about 2.5 GHz, which shows that two TE higher-order modes, TE 30 mode and TE 50 mode, may be produced in the symmetrical flare waveguide below 18 GHz. On the other hand, the bandwidth of the ridge waveguide is determined by the ratio of the cutoff wavelength between the fundamental mode and next higher-order mode [18] . Therefore, TE 30 mode and TE 50 mode need be suppressed or not be excited to enhance the operational bandwidth. It is worth noting that for extremely low aperture thickness, the impedance match between the antenna aperture and the air become worse, and results in unwanted radiation [19] . A suitable thickness of 8 mm is used to find a compromise to realize wide-band performance and good end-fire pattern. An initial coaxial-to-ridged horn is shown in Fig.2(a) , where the terminal aperture surface (BB' plane) is set as a radiation boundary on the condition that the TE wave will be perfectly propagated toward the end-fire direction. In this design, there are three key parameters: the distance w 0 from the reflecting wall to the feeding probe, the ridge length y 2 , and the feeding probe dimension, which should be optimized to obtain an optimum bandwidth. Firstly, the distance w 0 is generally around the value of 0.25λ C , where λ C is the free-space wavelength at the center frequency of 10 GHz. So the distance w 0 is selected as 6.8 mm initially. Secondly, the length of the ridge is another critical parameter, which can smooth the transition between feeding point and the flare waveguide to reduce the cutoff frequency of the TE 10 mode. Finally, a hollow cylinder is used as feeding probe instead of a tapered probe [12] to reduce the complexity structure and fabrication. Its radius and height should be carefully optimized to obtain a good impedance match, especially in high frequency band. The simulated reflection coefficient curves are shown in Fig.3 . It is observed that a poor match is produced in a range from 12.7 GHz to 13.8 GHz owing to the effect of the TE 11 higher order mode. To suppress the TE 11 mode, a metal pad is embedded into the reflecting cavity, as shown in Fig.2(b) . Its VSWR also are plotted in Fig.3 . Obviously, the impedance match is improved significantly when the metal pad is used, and an extremely wide bandwidth with VSWR <2.5 can be obtained. It means that the proposed method is effective in suppressing TE 11 higher-order mode. In order to suppress the TE 30 and TE 50 higher order mode, a trapezoid reflecting cavity is employed but keeps same operating bandwidth, and the E-field distributions comparison between Fig.2 (b) and Fig.2 (c) is presented in Fig.4 . It is seen that if the trapezoid reflecting cavity are not used the TE higher-order mode above 11 GHz will be produced in the waveguide, whereas only TE 10 mode is excited from 2.5 GHz to 18 GHz when the cavity is modified. It should be noticed that above 18 GHz the E-field distribution will become worse.
B. GROUNDED DIELECTRIC LENS DESIGN
The wideband H-plane antenna can be obtained by extending and integrating an ellipse-extended taper patch in the horn aperture, as shown in Fig.1 . The taper patch smooths the current of the horn aperture and reducing the reflection, thus the impedance match can be improved.
To enhance the peak gain of the H-plane horn antenna, various ground-shaped surface of the supporting substrate beyond the antenna aperture are investigated. It is shown apparently that a tapered lens can enhance the antenna gain. After a thorough parametric study, it was found that a linearly tapered surface of the supporting substrate produces higher gain and good VSWR values corresponding to other tapered structures throughout the entire frequency band, as shown in Fig.5 . The length of the extended portion of this shaped substrate beyond the antenna aperture is denoted by d 5 as shown in Fig.1 , and its performance was studied for different values of d 5 in Fig.6 . It is seen that the VSWR values are almost unchanged, but the peak gains for three values of d 5 have large discrepancy, the gain is enhanced with increasing d 5 . It is worth noting that the variation of the antenna gain for larger d 5 is low and the antenna size would also become larger.
IV. EXPERIMENTAL VERIFICATION
The proposed H-plane horn antenna is fabricated and tested, as shown in Fig.7 . Copper material is used as the metal conductor in the fabricated prototype, and the Teflon material with a dielectric constant of 2.2 is employed as the supporting material, and embedded into the metal platform. The VSWR results of the proposed antenna are measured using a calibrated Agilent vector network analyzer N5230A. The radiation performance of the antenna is measured in an anechoic chamber.
The simulated and measured VSWR results of the proposed antenna is shown in Fig.8 , and a good agreement can be observed. It is shown that the proposed antenna has a very wide bandwidth, and both simulated and measured bandwidths are from 2.5 GHz to 20 GHz with VSWR <2.5. The corresponding fractional bandwidths are 155.5%. 9 shows the simulated 3-D radiation pattern at 10 GHz. As can be observed, the antenna has good end-fire beam, and the main beam tilts away from the end-fire direction. To verify the designed effectiveness, the comparison of the simulated and measured 2-D radiation patterns in the E-plane(yz-plane) and H-plane (an inclined plane, vertical to the E-plane and tilts away from y-axis to the largest gain direction) at the frequencies of 4 GHz, 7 GHz, 10 GHz, 12 GHz, 14 GHz and 17 GHz, is presented in Fig.10 . It is shown clearly that the simulated and measured patterns are in good agreement. More importantly, the antenna exhibits good end-fire radiation pattern and the beam angle in the E-plane tilts away from the end-fire direction is less than 30 degrees at all frequencies owing to the existence of dielectric lens. In the H-plane, an approximately symmetrical pattern is observed, which is attributed to the symmetric geometry with respect to the y-axis. 13GHz from 2.4 GHz to 18 GHz, while the measured gain is in the range from 3.61 dBi to 18.7 dBi. It is noted that the simulated and measured gain values are increasing progressively and the measured results become relatively lower than the simulated values in high frequency band covering from 10 GHz to 18 GHz. It may be due to the fabrication error, the alignment error of our measurement platform, and the error of material parameters of the supporting substrate.
Table1 shows the comparison between our proposed antenna and reported end-fire antennas mounted on large metallic surface in terms of fractional bandwidth, profile size, gain, polarization, and conformal requirement. It is seen that our proposed antenna has the widest bandwidth, while maintaining a low profile. More importantly, our designed antenna is embedded into a large copper platform, which decreases the aerodynamic drag and enhances the invisibility of the carrier platform in practical applications. The design in [4] has a large profile, though its bandwidth is more than 117%. The antenna in [6] , constructed by using many rows of coupled resonators and directors, shows an impressive low profile and wide bandwidth, but the high frequency operating bandwidth with more than 10 GHz cannot be presented. In [8] , a gradient meta-surface (MS) array is employed to suppress the TM higher-order mode for enhancing the operating bandwidth, while its bandwidth is still smaller than those of our proposed antenna. The design in [11] has a very impressive low profile, though its bandwidth is slightly smaller than our antenna. Compared with the work in [12] , our proposed antenna has same profile size, while exhibiting much wider bandwidth and higher realized gain.
V. CONCLUSION
An end-fire H-plane horn antenna with wide bandwidth and low-profile characteristics has been shown in this paper. In order to enhance the operating bandwidth of the H-plane horn antenna, a trapezoid cavity and a metal pad has been employed to suppress TE higher-order modes. Moreover, a linearly tapered dielectric lens also is used to enhance the antenna gain. The final antenna has been fabricated and tested. Measured results show that the proposed H-plane horn antenna has a very wide bandwidth from 2.5 GHz to 20 GHz with VSWR < 2.5, and retains a thickness of only 8 mm (∼ 0.066λ L ). Good end-fire radiation pattern and high gain have also been experimentally verified.
